In this paper, a model is presented for predicting the transport of an environmental pollutant from the source to and through the soil. The model can predict the deposition of an environmental pollutant on the soil surface due to the pollutant being loaded on dust particles, which are later deposited on the soil surface. The model is a coupling of three models: a model for predicting the cumulative dust deposition from near and far field sources on a certain area; a canopy microclimate model for solving the energy partition within the canopy elements and so predicting the water convection stream for pollutant transport through the soil; and coupling the deposition of these pollutants on the soil surface to a model for its transport through the soil. The air pollution model uses the Gaussian model approach, superimposed for multiple emission sources, to elucidate the deposition of pollutant laden airborne particulates on the soil surface. A complete canopy layer model is used to calculate within the canopy energy fluxes. The retardation factor for the pollutant is calculated from an adsorption batch experiment. The model was used to predict the deposition of lead laden dust particles on the soil surface and lead's transport through the soil layers inside a metropolitan region for: (1) three large cement factories and (2) a large number of smelters. The results show that, due to the very high retardation values for lead movement through the soil, i.e. ranging from 4371 to 53,793 from previous data and 234 from the adsorption experiment in this paper, lead is immobile and all the lead added to the soil surface via deposited dust or otherwise, even if it is totally soluble, will remain mostly on the soil surface and not move downwards due to high affinity with the soil.
Introduction
The introduction of pollutants to the various ecosystem components (i.e. the soil, surface water and air) and the subsequent movement of pollutants from the point of emission to other components of the ecosystem, either by convection or diffusion, leads to the dispersion of these pollutants in various environmental components. Depending on the strength of the transport mechanisms, concentration gradients of these pollutants will build up in the different environmental compartments. The degree of buildup will determine the exposure assessment for the populace or flora and fauna in these compartments. If the pollutant concentration in certain regions of the ecosystem exceeds certain limits, an adverse effect on the flora and fauna of the ecosystem can be assumed; over the long-term this can threaten the sustainability of the ecosystem.
There is a need then to predict the pollutant concentration fields which result from different pollution sources in the ecosystem.
This requires the solution of the convection dispersion equation for the whole domain containing the sources and the receptors. A model which solves these equations with the same space and time resolution and still captures all the necessary details of the system behaviour is not yet available and would be very expensive computationally.
An alternative option is compartmentalisation of the different ecosystem components, modelling the transport processes within these components separately and then coupling the different components through the use of boundary conditions.
The aim of the present paper is to present such a coupled transport model for a pollutant from different sources represented by point sources (i.e. chimney stacks) to the soil surface and through the soil and to predict the effect of the coupled transport processes on the accumulation of pollutants in the soil.
The introduction of this model can allow sustainable management of our ecosystem by making it possible to calculate the final concentration fields which would result from the different proposed emission scenarios and to choose the ones which have an allowable impact on the ecosystem. Therefore, the problem is somewhat of an inverse problem, requiring the satisfaction of certain end state criteria, and looking for emission or load management scenarios (i.e. emission loads, locations and times) which would satisfy these criteria.
The model
The transport of momentum and scalars (i.e. sensible and latent heat, mass in the form of water vapour, CO 2 and other scalars such as gaseous pollutants or airborne dust) in a fluid (in this case the air layer above and within the canopy), obeys the Reynoldsaveraged Navier-Stokes equations for turbulent fluid. The direct solution of these Reynolds-averaged Navier-Stokes equations for a three-dimensional flow field as large as a metropolitan area, including all emitters and receptors, would require the use of an Eulerian model, with first order closure or higher, for the three-dimensional domain. This is beyond most available computer capabilities. A one-dimensional form of these equations is given as Eqs. (6)- (10) in the present paper. There is no one whole ecosystem model which can be applied to all the different ecosystem compartments with the same space resolution. Therefore, compartmentalisation of the various eco-subsystem regions is necessary in order to understand the system. An interaction between the different models, representing all compartments of the ecosystem, has to be considered through the use of the boundary conditions.
The model presented in this paper is a compartmental model which couples an atmospheric transport and deposition model to a pollutant in soil transport model. This model calculates the deposition of pollutants on a vegetation canopy and soil. The soil-plant submodels calculate the latent and sensible heat fluxes, which control the water fluxes, and therefore solute fluxes and temperature and moisture profiles within the soil. It then couples the water fluxes to a heavy metal in soil transport model.
The Gaussian plume model
Above the canopy, we opted for the use of a Gaussian plume model as a semi-empirical solution for the scalar concentration fields; this we coupled to a within canopy and soil transport model.
The Gaussian multi-point sources model uses the single Gaussian plume model as given by Eqs. (1) and (2) and then calculates the superposition for multiple point sources.
The pollutant concentration C (in kg m −3 air) is given in Eqs.
(1) and (2) , as a function of the three co-ordinates (x,y,z), where x is the distance (m) downwind along the plume axis starting from the stack location, y is the perpendicular distance cross wind starting from the main axis of the plume direction and z is the height above the ground. Q is the rate of continuous emissions in kg s −1 , U is wind speed at the emission height in m s −1 , σ y and σ z are the variances of the horizontal and vertical positions of a certain particle emitted from the stack as a function of x. The dependence of C function on the x co-ordinate is hidden in the σ y and σ z function. H is the effective stack height (stack height + plume rise).
For ground level concentration, the above equation reduces to:
The Gaussian plume model has been well validated and found to fit the observed data well. This is due to the fact that the form of the equation for the solution is not controversial, however finding values of σ y and σ y that fit the observed data to the model is the issue. A number of investigations have been undertaken to find values of σ y and σ z , including Smith's power law approximation [1] and Briggs's formulae for elevated small releases [2, 3] .
The deposition flux density of dust particles is given by
where V s is the settling velocity of the particles and is given by Eq. (12) . The Gaussian model requires that the rate of emission of the source is constant; the wind speed is both constant with time and with elevation and the terrain is relatively flat, open country. Although the Gaussian model is based on the solution of the diffusion equation for the special case of constant U and constant K, neither is constant, both being a function of z, and their variation with z is incorporated in Eq. (1) through the σ y and σ z parameters that are empirically determined functions of travel time t or (equivalently) the distance [4] [5] [6] . In any case, the predictions made by the model should be assumed to be accurate to within ±50% [7] .
In the equations given above, H is not the stack height but the effective plume height, which is obtained by adding the plume rise ( h) to the stack height. There is a maze of equations for calculating the plume rise [8] . The following equations could be used in the program depending on meteorological conditions:
For neutral environment or for any plume near the source and wind speed greater than 1 m s −1 .
As the above but after a large distance.
For a final rise of buoyancy dominated plume in a stable environment, plume bent over by wind
For a final rise of buoyancy dominated plume in a stable environment, calm wind.
where F mo is the initial momentum flux, F o is the initial buoyancy flux, U is wind speed, x is the distance along the main axis of the plume, s is the stability of the air. F mo , F o and s are given by
where V 0 and w o , T vpo , T veo and T abs are the initial volume flux (m 3 s −1 ), initial vertical velocity (m s −1 ), initial potential temperature of the plume, potential temperature of the environment and the absolute temperature of the environment, respectively.
For every point in the domain, the deposition flux density resulting from every single source is integrated numerically with all other sources in the simulated domain (10 km × 10 km) to obtain the total deposition flux density resulting from all the sources. The contribution of a certain stack to the total deposition flux density at a certain location will depend on the overlap between different plumes due to wind direction, having the same angle as the line connecting two plumes or being perpendicular to it. Some points in the flow field will see or will not see the concentration field resulting from a specific plume depending on wind direction and the angle between the point and stack location relative to the plume axis. The method of superposition has been discussed in El-Kilani [9] .
The Gaussian multi-point sources model can simulate the concentration field of pollutants and dust, resulting from arbitrary point sources (200 sources or more depending on the computer's memory availability) with different heights of emission and different characteristics of the emitted gases, with a square grid resolution of 50 m. The distance between the source points could be much less, having no relation to the grid resolution.
Two case studies of the model for three large sources in the same city and a large number of dispersed sources within a city for a given wind direction and within a certain domain will be presented. Given a certain deposition map which reflects the deposition flux density for a certain pollutant under a certain combination of wind speed and wind direction and a joint probability distribution of wind speed and wind directions throughout the year (which will cause a different pattern of deposition for every combination of wind speed and direction), a weighed averaged deposition pattern can easily be obtained.
In the calculations, we assumed a dominant northwesterly wind pattern. The stability class category used in terms of insolation, wind speed and state of the sky was class A-B in the Pasquil-Gifford-Turner (PGT) curves during daytime. This was selected since the weather conditions in Egypt are mainly sunny, except for a few days in winter with a few clouds and 7 m s −1 wind speed at about 10 m height. The strong insolation in class A-B corresponds to sunny midday in midsummer in England. Egypt is sunnier than England. The authors did not have a probability distribution of wind speed and directions for the location. If it had been available, the procedure of weighed averaging for different wind directions and speed would have been straightforward. During nighttime, the stability class used was class D, as parameterised by Brigg's formula with wind speed 5 m s −1 at 10 m height with the same wind direction as daytime [3, 10] .
The resulting deposition was calculated as the summation of 0.25 times the deposition under class A stability and 0.25 times the deposition under class B and 0.5 times the deposition under class D stability.
For a given point in the domain, the calculated concentration field of air pollutants and dust deposition flux density is used as the upper boundary condition for these pollutants' fluxes into the canopy layer-soil model.
The vegetation canopy model
Once a pollutant arrives at the upper boundary of the canopy, its subsequent deposition on the vegetation and the soil and the effect of the canopy on the water flux in the top soil layers needs to be considered. Within the canopy and in the layer of air close above it there are coherent structures within the flow which appear as a result of the instability of the flow regime: in particular, due to the existence of an inflection point in the mean wind profile at the height of the canopy top, where du/dz is a maximum. This condition has been shown by the linear stability theory, by the Rayleigh second theorem and Fjortoft [11] , to be a necessary condition for transition to turbulence. It has also been shown to be a sufficient condition by Tollmien [12, 13] . The subsequent development towards a fully turbulent state includes several instability processes [14] , most of them nonlinear and not described by the linear stability theory. The resulting coherent structures have been shown to be the ones responsible for the main ramp pattern observable in the time traces of the scalars at the canopy height as well as close above it and the ones responsible for most of the scalars and momentum fluxes [15] [16] [17] .
These structures lead to intermittency in the turbulent transport processes and to anomalies in the flux gradient relationship [18] . It has been shown that intermittency leads to nonlinearities in the canopy air heat and mass transport system of equations [19, 20] . An intermittency model has been developed and used to predict the transport of scalars within and close above plant canopies [21] [22] [23] . It has also been shown by El-Kilani [23] that ignoring the difference between an intermittent and a nonintermittent approach leads to a difference of about 31% in the flux of a pollutant (a pesticide) from the soil to the air just above. A complete derivation of the equations for the intermittency model and the underlying assumptions has been given by El-Kilani [22, 23] .
For the case of a one-dimensional non-steady state model, Eqs. (6)- (10) can be used to predict the momentum, scalar profiles and fluxes including the water flux in soil layers which will be required to predict the contribution of convection vs. diffusion in transporting the dissolved pollutants through the soil.
where u is the horizontal wind velocity at direction x, w is the vertical wind velocity at direction z, T is the instantaneous air temperature in • C or in K, e is the instantaneous air vapour pressure in Pa, C g is the instantaneous gaseous pollutant concentration in the air (kg m −3 ), C h is the instantaneous heavy metal laden dust particulates (which has a fall velocity as expressed by Eq. (12)) concentration in the air (kg m −3 ), z is the vertical dimension (m), t is time (s), ρ is air density (kg m −3 ), C p is the specific heat capacity of the air at constant pressure (J kg
, P is static pressure in Pa, g is acceleration due to gravity, φ is deviation of the air temperature from a reference temperature that decreases adiabatically with height, T 0 is an average absolute temperature, υ is kinematic viscosity of the air (m 2 s −1 ), δ ij is the Kronecker delta where j = 3, γ is the psychrometric constant (67 Pa K −1 ), C g leaves is the pollutant concentration at the leaf surfaces, es leaves is the saturated vapour pressure at leaf temperature, and r b,c is the boundary layer resistance for the pollutant in s m −1 . The square brackets refer to a spatial averaging procedure. V is the volume of the canopy over which averaging is done. Overbar -refers to a time averaging procedure, the , refers to the deviations of the time mean of a certain quantity (e.g. u j ) from its control volume average, T s are the time deviations due to small scale turbulence or small size eddies, T l is the time deviation due to large scale turbulence, represented by the effect of coherent structures on the flow. The decomposition of the instantaneous variables to their components is given as:
3) e = ē + e + e s + e l (11.4) (6)- (9) represent the nonsteady term, the effect of horizontal heterogeneity on flux divergence of the entity under consideration, the flux divergence due to large scale turbulent transport, and the flux divergence due to small scale turbulent transport respectively. For Eq. (10) the order is the same except that the second term represents the buildup of the heavy metal laden dust particle concentration in a certain layer, due to the falling velocity multiplied by concentration, i.e. pollutant vertical flux divergence. The third term represents spatial variation of the vertical deposition flux (negligible).
The first term on the right-hand side of Eq. (6) represents the effect of the horizontal gradient of the time and spatially averaged pressure on the flow. The second and fifth terms represent the effect of form drag and viscous drag by the canopy elements on the mean horizontal wind velocity. The third term represents the effect of thermal stability on the flow. The fourth term represents the effect of viscosity on the flow (negligible). For the sake of completeness, in Eqs. (7)- (9), similar negligible terms, representing the effect of molecular flux divergence on the conservation equations for heat, water vapor, gaseous pollutant and dust particulates respectively have been dropped out. Also in the momentum equation, the effect of Coriolis force has been dropped out.
The right-hand side terms in Eqs. (7)-(10) represent the source or sink terms for sensible heat, latent heat (W m −2 leaf surface), a gaseous pollutant (kg m −2 leaf surface) and dust (kg m −2 leaf surface) integrated over the leaf surface contained within the canopy air unit volume respectively. The solution of the sources and sinks for sensible and latent is obtained from a solution of the divergence of the radiation profiles within the canopy [24] and a solution of the energy budget of the leaf surfaces [24] [25] [26] .
The above mentioned equations (Eqs. (6)- (10)), with their respective closure assumptions, represent the complete set of equations of the intermittency model required to describe momentum, heat (sensible and latent) and mass (pollutants etc.) transfer for the canopy and the layer of air just above.
This model is solved by using a refreshment function for the large scale turbulent (or large scale coherent eddies) transport and a first order closure model for the small scale eddy transport, as has been shown by El-Kilani [22] .
For the deposition of heavy metal laden particles on vegetation and soil surface, a deposition velocity (positive downwards) is calculated from
where r is the radius of the particle, ρ s is the density of the particulate material in kg m −3 , and η is the dynamic air viscosity (kg m −1 s −1 ). For an exposure assessment model for animals feeding on vegetation, the deposition on the leaves at different heights needs to be considered, but for deposition on the soil surface over the long run, it was assumed that after the canopy is saturated with dust its capacity to store dust equals zero and all the dust deposited at the top of the canopy reaches the soil surface. Significant rain will wash off the deposited dust and storage will start building up again.
The soil model
For a nonvolatile pollutant (i.e. heavy metals except, e.g. Hg, As, Co, Se which could volatilise or be bio-methylated [27] ), the transport equation reads as [23] :
For a volatile pollutant (e.g. mercury due to methylation in the form of (CH 3 ) 2 Hg or such as volatile Hg or a volatile organic compounds), the transport equation for a pollutant in its gaseous or dissolved liquid form can be given as Eqs. (14) and (15), respectively [23] .
where C g and C l are the concentrations of the volatile pollutant in soil air (kg m −3 soil air) and in soil water (kg m −3 soil water), respectively. α is the air filled porosity (m 3 soil air m Use is made in this model of the kinetic approach for a multi-site reaction model suggested by Selim and coworkers in several papers extending through the late 1980s and 1990s [e.g. [28] [29] [30] [31] to describe the transformation of heavy metals from the soil solution to different forms in the soil. The multi-site multi-reaction model was preceded by a two site approach [32] .
The heavy metals in the soil have different pools with different degrees of availability. In addition to the aqueous form, C l , there are five other pools (S e , S 1 , S 2 , S 3 and S irr ). These pools were suggested to describe the kinetic dependence of the adsorbed quantity of the heavy metals or pesticides on the reaction time in batch experiments. The rate of transformation from one pool to the other is described by first or higher order rate reactions.
The governing equations for the S 1 , S 2 , S 3 , S e and S irr are given as Fig. 1 The different pools of heavy metals in soils and their transformation rate.
A schematic diagram for the heavy metal pools in the soils and their transformations is shown in Fig. 1 .
where k 1 to k 6 are the associated rate constants (s −1 ). The S 1 and S 2 phases may be regarded as the amount sorbed on soil surfaces and chemically bound to Al and Fe oxide surfaces or other types of surface. The primary difference between these two phases lies not only in their kinetic behaviour, but also in their degree of nonlinearity, as indicated by the n and m exponents in Eqs. (16.1) and (16.2) . The consecutive reaction between S 2 and S 3 represents a slow reaction as a result of the further rearrangement of solute retained on the soil matrix [31] .
S irr represents irreversible reactions such as immobilisation. It is given by a first order rate reaction as given by Eq. (16.4):
S e was assumed to be governed by an equilibrium Freundlich reaction while S 1 and S 2 are governed by nonlinear kinetic reactions.
The sink S p term for the dissolved pollutant in the soil was assumed to be equal to the net result of reactions characterised by rates k 1 , k 2 , k 3 , k 4 and k irr only, since S e is already included in the model, as the third term in the square brackets on the left-hand side of Eq. (15) . The sink term can be coupled to a transformation of lead into a chelated form which could facilitate lead transport in the profile. The model has a separate equation for lead transport in a chelated form. The whole set of equations was solved by an implicit numerical scheme as explained by El-Kilani [22] for heat and water fluxes, and by El-Kilani [23] for pollutant fluxes.
Concerning the initialisation problem of the amounts of heavy metal pools in the soil, the first author suggests using the values of some of the heavy metal fractions, as determined by a sequential extraction method, as the initial values for the different pools.
Material and methods

Case studies
The element considered in these two case studies is lead, due to its potentially high impact on the populace. The model can take account of other elements. Two different cases were assumed: (1) A small number (3) of large scale factories within a large metropolitan area, namely the Helwan region in Cairo, and (2) a large number of small brick factories or smelters dispersed in a metropolitan area.
The first case: cement industries in the Helwan District
Helwan district lies in the southern part of Cairo. With the building of steel mills in the district around 1953, it developed into one of the biggest industrial centres in Egypt. It now contains about 33 factories, some of which produce steel, while others produce various chemicals, coke, cement, textiles, as well as food quality starch and glucose. Having the highest concentration of heavy industries in Egypt, it is a severe polluter of the air, of the Nile River and of the irrigation and drainage canals in the region. Helwan industrial production composes about one-third of the industrial production of the Economic Cairo Region [33] .
The cement industry represents perhaps the most problematic in terms of air pollution. In Helwan three companies are involved in cement production, namely: Tourah Portland Cement Company, Helwan Portland Cement Company and The National Company for Cement Production. These companies represent about two-thirds of the national cement production of Egypt (1988 statistics). These companies use both the wet and dry methods of cement production. The dry method results in high dust emission rates in comparison to the wet method of cement production. The emission rates for a single production line are 200 tonnes/day dust for the dry method, in comparison to 100 tonnes/day for the wet method. The production loss in the dry method is 11%, compared to 5.5% for the wet method. In the three companies there are 16 wet method production lines, plus two dry method production lines. Therefore the total emission from the three factories is about 2000 tonnes dust/day, i.e. 23 kg s −1 dust emission [33] . Aboulroos and El falaky [34] give an estimate of 500,000 tonnes per year dust emissions for the cement factories in Cairo and Alexandria; this is about 1400 tonnes per day. Assuming three-fourths of the production capacity for the cement factories in Cairo gives then an estimate of about 1000 tonnes dust emission per day for the cement factories in Cairo, so there is no order of magnitude difference between the two estimates. It was found that the solution to the dust problem rests not in the installation of filters, but in disposing of the collected dust which reached a magnitude of 700 tonnes during 1 day in one of these factories. This dust consisted of fine particles with a diameter of 3.5 m, which could not be used for re-manufacturing. Transporting it to dumping sites was expensive [33] . The actual measurement of 700 tonnes/day collected dust for just one of the three factories indicated that the first estimate of 2000 tonnes/day emitted dust was the best. Actual measurements gave a dust fallout rate of 478 tonnes mile −2 month −1 . The yearly average of suspended dust material in the air due to the cement industries alone reaches 885 g m −3 air, about 57 times the allowable concentration [33] .
The coke and steel industries also contribute fine dust emissions, as well as CO, sulphur oxides and some cyanides during the mixing of the ores to be fed into furnaces, during the opening of the furnaces to remove the iron, and when cyclones and towers are emptied.
In the present run it will be assumed that each factory can be represented by one stack and that dust emission is 7.7 kg s −1 for each of the three factories or stacks i.e. a total emission of 23.15 kg s −1 dust for the three factories combined, corresponding to 2000 tonnes/day. This pattern of emission lasted for about 30 years, which led to an increase in the Pb content in the upper soil layer.
In addition to different pollutants, the dust was loaded with a high concentration of heavy metals. The concentration of heavy metals in the dust was obtained from dust collected from palm trees in the area [35] . The concentration of Pb, Cd, and Cu in the dust varied with distance, probably due to different heavy metal composition and the particle size of the dust. Coarser dust contained more Pb than medium sized dust, which was deposited further away from the source.
A value of 300 ppm (mg kg −1 ) Pb concentration in the emitted dust will be assumed in the present calculations. The source of lead in the dust was not only from the cement factories, since it was found that multiplying the source emission strength (2000 tonnes/day i.e. 2 × 10 6 kg/day) by 300 ppm average concentration, would lead to 600 kg/day Pb emission, which is quite high and could not be accounted for by the fuel consumed in cement manufacturing only. In the comparison of the simulated accumulation of heavy metals with the heavy metals concentration in the upper soil layers, as determined by Shahin et al. [35] , use was made of the original emission data, since this pattern of deposition lasted for about four decades from the early fifties through to the early nineties. The wind speed was 7 m s −1 at stack height and the diffusion parameters correspond to stability case A to B in the Pasquil-Gifford-Turner (PGT) curves during day time. During nighttime, the wind speed was 5 m s −1 at stack height and the diffusion parameters correspond to stability case D in the Pasquil-Gifford-Turner (PGT) curves.
The second case: dispersed brick factories and smelters
The main contributors to lead air pollution in the Greater Cairo region are lead smelters and mazot fuel burning in industrial furnaces, cement factories, brick factories and coal production facilities. In Egypt, there are about 2000 iron, copper, aluminium and lead smelters, three hundred and eighty of which are in Cairo, seventy in Giza. In Cairo, there are 9 lead smelters with a production capacity of 6200 tonnes/year (i.e. 16,990 kg/day). Most of these smelters exist in urban areas. In the Giza Governorate, there are 18 lead smelters which produce 18,800 tonnes/year (i.e. 51,510 kg/day), most of which are located in agricultural areas. In the Kalubiya Governorate, there are five smelters with a production capacity of 27,400 tonnes/year (i.e. 75,070 kg/day), most of which are in the Shoubra El-Khema district. The cast iron smelters employ Cupola furnaces, which depend on coke for fuel. Most of the other smelters use mazot or diesel fuel. All these smelters recycle scrap thereby producing a lot of emissions. The melting of the scrap generates metal oxides which escape with fuel emissions [36] . If about 1% of the recycled scrap escapes to the environment, this will lead to 169 kg/day, 515 kg/day and 750 kg/day of lead emissions from lead smelters only in Cairo, Giza and Kalubiya Governorates, respectively. An even higher estimate of 1100 tonnes/year i.e. 3000 kg/day lead emissions from lead smelters to Greater Cairo air has been given [37] . A similar estimate has also been given previously [34] . An attempt is underway to move these smelters out of Cairo, but some obstacles still remain (personal communication).
The amount of mazot fuel burnt in Cairo averages about 8 million tonnes/year, i.e. 2.19 × 10 7 kg/day with a lead concentration of 3.9 mg l −1 , i.e. a total emission of 94 kg/day. The emission of lead from the smelters and mazot burning in the Greater Cairo Region (i.e. including Cairo, Giza and Kalubiya) amounts to about 1528 kg/day, utilizing the lower figure of lead emissions.
The amount of mazot used for cement factories is about one fourth of the 2.19 × 10 7 kg/day. It is clear from comparing the figures of Pb contained or deposited in the dust close to the cement factories (i.e. a deposition or an assumed emission of 600 kg/day from the three cement factories in the first case study or even 300 kg/day taking the number of 330,000 tonnes/year dust emission [34] ) and the 25 kg/day Pb from mazot burning only, that there is a very large discrepancy in the emission and deposition budget of lead. Part of the discrepancy could be due to two reasons. The calculated lead emission does not take into account lead emitted in car exhaust. The addition of lead to gasoline was terminated in 1998 and replaced by methyl tertiary butyl ether, but was still used at the time of the investigation (1988) and could have accounted partly, but not completely, for the inconsistency in the lead emissions data. The ores used in the cement industry could also contribute some, but the amounts would be small and cannot explain the gap. It is the first author's opinion that the lead emitted from smelters, some of them in Helwan, could explain the difference between the amount of lead in the mazot used in the cement manufacturing and the lead deposited with the falling dust around the cement factories. It is possible that lead, released into the air by smelters as oxides or very fine particulates, could have been adsorbed onto the dust particulates emitted by the cement factories before the dust was deposited. Dust emitted by cement factories, which is initially relatively clean, could work as a capture media for lead pollution. This assumption needs further checking. A method of checking this assumption is through checking the lead content in dust collected from streets, since there is no source for this lead in the dust, except from lead smelters or burning mazot. The dust of Cairo is blown in daily from the higher mountainous Mokattam region flanking most of the length of Cairo in the east and extending south to Upper Egypt.
The tafla brick factories constitute a large source of air pollution. There are about three thousand brick factories in Egypt, 1760 of which are located in urban areas in the Governorate of Giza in the Arab Abou-Seda region, in the Governorates of Suez, Fayoum, Natroun Valley and four other governorates. The tafla brick factories consume about 4.7 million tonnes mazot/year, equating to a daily emission of 55 kg Pb/day.
One hundred medium size smelters were distributed. The amounts of emitted gases and different pollutant concentrations were assumed as follows: amount of emitted gases per factory or smelter: 12,000 kg gas h lead concentration in the dust: 53 ppm.
The emitted concentrations were the average emissions from brick factories. These emissions exceed executive charter 338 (1995) by about one-third for the CO limit and 70% for the smoke limit. The wind speed was 3 m s −1 at stack height and the diffusion parameters correspond to stability case A to B in the Pasquil-Gifford-Turner (PGT) curves. The maximum allowable concentrations (24 h averages), according to the law, are 1 × 10 −5 , 1.5 × 10 −7 and 7 × 10 −8
for CO, SO 2 and soot or dust respectively. No emission during night was assumed.
Sorption experiments
To determine the fate and transport of lead after deposition on the soil surface, the value of the distribution coefficient between the soil and the liquid phase of the soil as a function of concentration must be determined. Therefore, a kinetic study on the retention of lead (Pb), on soil material obtained from the surface layer at the Faculty of Agriculture, Cairo University, was carried out using the batch method described by Amacher et al. [28] with some modification. According to the procedure, duplicate 4 g samples of the soil material for each of the Pb concentrations and reaction times mentioned below, were placed in polypropylene tubes and mixed with 40 ml of a solution of known initial Pb concentrations. The initial concentrations of Pb were 1, 5, 10, 25, 50, 100, 200, 400, 600 and 800 mg l −1 . Reagent-grade Pb(NO 3 ) 2 was used in the study. The background solution composition was 0.005 M Ca(NO 3 ) 2 . The total number of tubes was 200 tubes (2 replicates × 10 initial concentrations × 10 reaction times). The samples were shaken on a reciprocal shaker at 125 revolutions per minute for 15 min every 6 h. After 2, 8, 12, 24, 48, 72, 96, 144, 192 , 240 h of reaction time, the duplicate samples for the specified reaction time were centrifuged at 4000 revolutions per minute for 15 min, the supernatant was collected and the remaining quantity of Pb in the solution was determined by the use of atomic absorption spectrometry. An atomic absorption device (Thermo 500 series) was used. The pH of the supernatant was measured.
The amount of adsorbed Pb was determined according to Eq. (17):
Pb sorbed in mg/g = volume of solution (0.040L)
To obtain the values of K d from the data, the curves relating the amount sorbed to the Pb concentration in solution were drawn and fitted to the Freundlich or Langmuir adsorption curves.
Use was also made of an earlier study [38] on adsorption parameters for 10 different soils differing in their texture classes to check for compatibility in the transport behaviour (i.e. the retardation factor R), which was obtained from the adsorption experiment in the present paper.
Results and discussion
The deposition pattern First case: the Helwan district case Fig. 2a shows the pattern of dust deposition in tonnes/(km 2 month). To calculate the effect of the amount of deposited dust on the accumulation of lead in the upper soil layer, the amount of deposited dust for a period of 30 years was calculated. It was shown that Pb deposited on the soil surface, as will become clear from the discussion of the adsorption experiments, will accumulate and not move down the profile and will only be mixed in the upper 25 cm by ploughing operations or through chelate aided transport. This is shown, in Fig. 2b , as the ppm increase in the top 25 cm layer of the soil surface due to 30 years of deposition of dust with a Pb concentration of 300 mg kg −1 dust. From measured values [34] the average deposition rate for the Helwan region was 1.2-2.4 kg/(m 2 year), which corresponds to 1200-2400 tonnes/(km 2 year), i.e. 100-200 tonnes/(km 2 month). This value, as shown in Fig. 2a , agrees well with the calculated deposition pattern. A dust deposition estimate of 478 tonnes/ (mile 2 month) was given by Kassem [33] , which is also comparable. The values of the increases in soil lead in ppm reported by Shahin et al. [35] Fig. 2b seem comparable. The measured 403 ppm value was for uncultivated soil. Therefore, there was no mixing by tillage operations, which was assumed in the calculation. Fig. 3a shows the results of dust deposition in the domain in tonnes/(km 2 month). Fig. 3b shows the increase of lead in ppm for the upper 25 cm of the adjacent soil.
The second case: dispersed smelters
Sorption experiments
Most pollutant concentrations used here and in El Gendi's investigation [38] exceed the values given by the solubility products of some minerals that could control the activity of the pollutant in the soil solution. However, in real life and in the column leaching exper- iments for the determination of the pollutant retardation value from breakthrough curves (R), whether the solute disappears because it was surface precipitated or adsorbed is not accounted for or distinguishable. In the adsorption experiment, it is difficult to separate between adsorption and precipitation as the acting mechanism since both processes are active. Distinguishing between the mechanisms should be based on spectroscopic studies and not on the sorption data only since it is an empirical or semi-empirical description. Table 1 shows no time dependence for sorbed Pb on the reaction time, except for the 50 ppm initial concentration. Therefore, kinetic dependence in the model was shut off. But this does not mean that there is no kinetic dependence for the pools, S 1 , S 2 , S 3 , and S irr , as equated to different fractions determined by sequential extraction methods (see for example [39] ) on the time since the introduction of the pollutant to the soil. El Gendi [38] showed that on soils with different degrees of pollution there was a build up in the different fractions with the increasing of levels of pollution, despite the fact that these soil samples were not taken from the same soils at different times since lead was introduced. The kinetic dependence or the buildup of the different forms of pollutants in the soil exposed to industrial pollution has been discussed by Twardowska et al. [40] in the upper layers of three profiles (R, W and I) compared to the lower layers of the same profiles. In spite of requiring a much longer period of time, the kinetic rates used in pollution modelling should be determined from the buildup of the pools, S 1 , S 2 , S 3 , and S irr , in soils polluted for different periods of time or from comparison of the pool status in the upper layer of the soil to that of its lower layers. Due to a lack of kinetic dependence, the 10 different values of the sorbed quantity for the different reaction times were averaged and used in the description of the sorbed quantity vs. that remaining in solution to obtain the value of the K d (distribution coefficient), as described by the Freundlich isotherm, S = K d × C n , where S is the sorbed quantity in kg kg −1 , C is the solute concentration in kg m
and n is the order of the reaction. The distribution coefficient, in case n = 1, has the units of m 3 kg −1 and is obtained from:
The value of the distribution coefficient, as obtained from the best fit, with an r 2 value of 0.7362, was 146 and n = 1.48. The units of the used concentration in the adsorption isotherm were mg l −1 for the solution concentration and g g −1 for the solid phase. The dimensions of the distribution coefficient, in the case of n > 1 (1.48), were (g g −1 )/(mg l −1 ) n . The use of the slope of the Freundlich isotherm to obtain the value of the retardation factor is given by [41] .
For the case of Langmuir, the equation relating the slope of the adsorption isotherm to the retardation factor is given by
Both of the retardation values are functions of the concentration of the solution after equilibrium. The first has a proportional dependence while the other has an inverse dependence. The first has a minimum value at zero soil solution concentration which equals a value of one for retardation (i.e. equal water and solute velocities). The Langmuir retardation has a maximum value which is given by Eq. (20.1)
For concentrations normally found in polluted soils, which will exceed a warning value of 150 g g −1 solid phase, the concentration in the soil solution, as obtained from Langmuir adsorption is about 0.2 ppm. For this value of concentration in the soil solution, the values of the retardation for the ten different soils are given in Table 2 .
The exceedingly high retardation values obtained here -such as the retardation factor for the second soil of 4371 -mean that to move lead through the soil 1 cm a leaching water depth of 4371 cm of water is required, which is quite large. All the other numbers are even larger and reflect the fact that lead is immobile. If we neglect preferential flow and chelate aided transport of lead, the whole amount of lead added to the soil surface, with the deposited dust or otherwise, even if it is totally soluble, will mostly remain there and not move downwards due to high affinity with the soil. This explains the impossibility of using unaided leaching as a method for remediation of lead polluted soil. Lead will only be mixed in the upper few centimetres or deep ploughed by agricultural ploughing operations.
When using Eq. (20.2) by Freundlich, the corresponding retardation factor for Pb in the soil is
which is not as large as the values obtained when using the Langmuir equation, but still a practical impossibility. This conclusion is not in contradiction to Nedunuri et al. [42] , who consider only aqueous complexation and mineral precipitation and no adsorption. 
Conclusions
A comparison of a case study against available numbers for lead emitted due to fuel consumption in the cement industry showed that fuel alone does not account for the lead deposition around cement factories or a large discrepancy in the lead pollution budget. This suggests that further investigation is required. It is suggested that lead emitted by dispersed smelters in the Greater Cairo Region which is adsorbed by the dust emitted from cement factories would be deposited on the soil surface. A method of checking this assumption is through measuring the lead concentration in dust deposited in Cairo streets. If it shows high values of lead, it would confirm the suggested assumption, since in the absence of leaded gasoline fuel or other strong sources of lead emission, it would implicate the smelters.
Comparing a similar measured situation from literature and measured deposition rates shows a close agreement between the calculated dust deposition flux density and lead deposition and the measured quantities described in the case study.
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